ABSTRACT The objective of this study was to evaluate the effects of dietary supplementation with Moringa oleifera leaf (MOL) on performance, carcass characteristics, meat quality, and oxidative stability of breast muscle in broilers. A total of 720 1-d-old male Arbor Acres birds were randomly divided into 6 dietary groups, which were fed a basal diet supplemented with 0, 1, 2, 5, 10, and 15% MOL, respectively. Each group had 6 replicates of 20 birds each. The feeding trial lasted for 42 d. The results showed dietary MOL supplementation linearly and quadratically decreased body weight and average daily gain (P < 0.01), and increased feed conversion ratio (P < 0.001). Abdominal fat decreased linearly and quadratically in response to the supplementation of MOL in diets, both on d 21 and 42 (P < 0.001). In breast muscle, dietary supplementation with MOL quadratically increased the contents of C18:2, C18:3n-3, C20:4, polyunsaturated fatty acids (PUFA), n-3 PUFA, n-6 PUFA (P < 0.01), and decreased thrombogenic index (TI; P = 0.019). Dietary inclusion of MOL improved meat color, evidenced by quadratically reduced b * (yellowness) values (45 min postmortem, P = 0.001; 24 h postmortem, P = 0.018) and increased a * (redness) values (24 h postmortem, P < 0.001). Besides, diets supplemented with MOL quadratically decreased malondialdehyde (MDA) levels in breast muscle during storage (P < 0.001). Plasma total antioxidative capacity, total superoxide dismutase, glutathione peroxidase activities increased quadratically (P < 0.01), whereas MDA decreased quadratically (P < 0.001), in response to dietary MOL supplementation. In summary, MOL could be used as a feed ingredient for broilers to improve PUFA contents, oxidative stability, color of breast muscle, and abdominal fat without adverse effects on growth performance, with an inclusion of 1.56% in the diets.
INTRODUCTION
Moringa oleifera, a shrub widely distributed in tropical and sub-tropical areas, has been broadly planted in south of China in recent years. Moringa oleifera leaf (MOL) has attracted great interests as a nontraditional feed ingredient because of its unique values. Crude protein exists in MOL in a considerable concentration, ranging from 25% to more than 30% on a dry matter basis (Melesse et al., 2013; Nkukwana et al., 2014b) , consisting of a high proportion of essential amino acids (Fahey, 2005; Lu et al., 2016) . The contents of vitamins and minerals in MOL are far above those of mostly traditional feed ingredients, especially the concentration of calcium, magnesium, potassium, sodium, iron, copper, manganese, zinc, ascorbic acid, α-tocopherol, and β-carotene (Tesfaye et al., 2013; Nkukwana et al., 2014b) . Moringa oleifera leaf also contains polyunsaturated fatty acids (PUFA), ranging from 18.80 to 84.60 g/kg (Amaglo et al., 2010; Moyo et al., 2011; Saini et al., 2014) . The positive effects of dietary MOL supplementation on animal performance have been observed in broilers and laying hens (Melesse et al., 2013; Lu et al., 2016) . However, several studies showed that animal performance was depressed by dietary addition of MOL, evidenced by decreased average daily gain (ADG) and increased feed conversion ratio (FCR; Gadzirayi and Mupangwa, 2014) , which might be due to the anti-nutritional factors, such as total phenols, tannins, saponins, and phytate Becker, 1996, 1997) . Thus, more work is needed to examine how different levels of supplementary MOL affect the performance of broilers, and further determine an optimal inclusion rate in diets for commercial broiler production.
Additional physiological and biomedical functions of MOL have been reported. Moringa oleifera leaf protects against acetaminophen-induced liver injury by restoring the activity of glutathione (Fakurazi et al., 2008) , ameliorates streptozotocin-induced diabetes by protecting islets β-cells against reactive oxygen species mediated damage (Yassa and Tohamy, 2014) , prevents radiation injury by countering oxidative damage (Rao et al., 2001) , and inhibits the oxidative DNA damage by eliminating free radicals (Singh et al., 2009) . Besides, MOL lowers the formation of atherosclerotic plaque along with levels of cholesterol and triglycerides, and thus possesses hypolipidemic and anti-atherosclerotic activities, which means it has therapeutic potential for the prevention of cardiovascular diseases (Chumark et al., 2008) . The modulation of MOL on cellular redox status and lipid metabolism might be associated with the bioactive compounds, such as flavonoids, phenols, PUFA, vitamins, and metal ions (Sreelatha et al., 2011) . Our previous study in laying hens showed MOL supplementation could slow down the deteriorating rate of egg storage quality (Lu et al., 2016) . To consider the variety of bioactive compounds in MOL and the previous studies, we hypothesized MOL would benefit the quality and oxidative stability of broiler meat.
The objective of this study was to examine the effects of dietary MOL supplementation on performance, meat quality, PUFA contents, and oxidative stability, and to explore the potential benefits of MOL in the diet of broiler chicks. These findings would contribute to application of MOL as a novel non-traditional ingredient for the poultry production.
MATERIALS AND METHODS

Birds and Management
All experimental protocols were approved by Animal Care and Use Committee of the Feed Research Institute of the Chinese Academy of Agricultural Sciences. Newly hatched Arbor Acres (AA) broiler chicks supplied by Beijing Huadu Broiler Company (Beijing, China) were raised in wire floor cages in a 4-level battery under an environmentally controlled room. The temperature in the broiler house was 33
• C for the first wk, and then decreased by 3
• C per wk until it reached 24 • C (33 • C for the first week, 30
• C for the second week, 27
• C for the third week, 24
• C for the fourth week, and subsequent weeks). Diets (in pellet form) and water were supplied ad libitum. All management of birds was in accordance with the guideline of raising AA broilers (Aviagen, 2009 ).
Experimental Design and Diets
Seven hundred and twenty 1-d-old AA male broilers were weighted and randomly divided into 6 groups that were fed corn-soybean meal diets (Table 1) supplemented with 0, 1, 2, 5, 10, and 15% of MOL, respectively. Each group had 6 replicates of 20 birds each. Experimental diets were formulated to meet nutrient requirement of broiler chicks (National Research Council, 1994 ; Ministry of Agriculture of China, 2004). Leaves of Moringa oleifera, planted in Yunnan province of China, were dried and smashed. The tree was planted in March 2015, and we harvested the leaves in July 2015. The leaves were stored for about 5 months before the current experiment. Chemical components of the MOL were analyzed and shown in Table 2 .
Growth Performance and Carcass Characteristics Measurements
Body weight (BW) and feed intake were recorded during the starter phase (d 1 to 21) and the grower phase (d 22 to 42). Average daily gain, average daily feed intake, FCR (feed: gain, g/g) and mortality rate were calculated. On d 21 and 42, 2 birds at average BW from each replicate were selected, weighed, and slaughtered after a 12 h fast. Blood was drawn from left jugular vein and centrifuged (2000 × g, 5 min) at 4
• C. Plasma samples (2 birds per replicate) were stored at −20
• C. After blood sampling, the birds were immediately exsanguinated and defeathered. Then, the head, paws, abdominal fat, and giblets were removed to measure the eviscerated weight. Breast muscle (containing pectoralis major and minor), leg muscle (containing thigh and drumstick muscles), and abdominal fat (containing fat surrounding the gizzard and leaf fat surrounding the cloaca) were collected and weighted. Eviscerated yield was calculated as the percentage of the BW after fasting. Weight percentages of breast muscle and leg muscle were calculated as the percentages of the eviscerated weight. The yield of abdominal fat was calculated as (%) = abdominal fat weight/(eviscerated weight + abdominal fat weight) × 100%.
Meat Quality Measurements
Drip Loss Meat samples from right breast muscle were trimmed into regular-shaped fillets (40 ± 1.5 g) and weighed. Then, the samples were hung in empty paper cups with iron wires passing through for 24 h at 4
• C and reweighed. Drip loss was calculated as (%) = (W initial − W 24 h )/W intial × 100%, where W indicates weight (g). Cooking Loss After testing the drip loss, the samples were continued to be stored at 4
• C for 48 h. Then, they were taken out and wiped off the water on the surface with bibulous paper and weighed (W1). Next, samples were placed in zip-sealed polyethylene bags, and heated in a water bath at 85
• C for 20 min. After that, meat samples were cooled in running water to room temperature, and then dried and reweighed as W2. Cooking loss was calculated as (%) = (W1 − W2)/W1 × 100%.
Shear Value After measuring the cooking loss, the cooked meat was stored at 4
• C for 24 h and then used for the shear value test (72 h postmortem (PM)) with the Warner-Bratzler shear method. Each sample was trimmed into 3 stripes (length × width × height = 2 cm × 1 cm × 1 cm) and each stripe was cut 3 times at different locations. The average value of the 9 cuts was taken as the final result for 1 meat sample.
Meat Color Meat color was determined in triplicate at different locations on the surface of the samples using a chromometer (Chroma Meter WSC-S, Shanghai Precision and Scientific Instrument Co., Shanghai, China). Inner light source is halogen lamp (6 V, 10 W). Water or blood was wiped from the sample, and then it was vertically located to the light. After measuring at the first place, sample was rotated 120
• to obtain the second value. Then, the sample was rotated the same angle to obtain the third value. The CIE-Lab system values of lightness (L * ), redness (a * ), and yellowness (b * ) were recorded at 45 min and 24 h PM, respectively, according to the manufacturer's instructions.
Muscle pH A calibrated waterproof pH meter (pH Spear, Eutech Instruments PTE, Ltd., Singapore) equipped with a spear tip probe was used to measure the pH values of the breast muscle both at 45 min and 24 h PM. The spear tip probe inserted into the samples (40 ± 1.5 g) from 3 side faces to obtain 3 values, and the average of them was taken as the final value. Before testing, the pH meter was calibrated at pH 4.01, 7.00, and 10.01, using standard buffer solution (Mettler-Toledo GmbH, Analytical, CH-8603 Schwerzenbach, Switzerland).
Muscle Oxidative Stability Assay
Storing at 4
• C, 5 g breast muscle was placed in 50 mL centrifuge tube, and then 4-fold saline (0.9% NaCl solution stored at 4
• C overnight) was added and homogenized (the tube inserting into a beaker filling with small ice). The mixed solutions were centrifuged for 10 min at 2800 × g (4 • C). After that the supernatants were transferred to new tubes, serving as stock solutions for subsequent measures. Muscle protein was measured with the biuret method using a total protein reagent (Nanjing Jiancheng Bioengineering Institute, Nanjing, Jiangsu, China) according to the supplier's manual. The concentrations of thiobarbituric acid reactive substances (TBARS) in muscle were determined with a colorimetric diagnostic kit (Nanjing Jiancheng Bioengineering Institute) and expressed as malondialdehyde (MDA) concentrations as reported previously (Zhang et al., 2010) . The concentration of TBARS was calculated as nmol of MDA per mg protein. Each sample was assayed in triplicate.
Plasma Antioxidant Indices Analysis
Total anti-oxidative capacity (T-AOC), activities of total superoxide dismutase (T-SOD), and glutathione peroxidase (GSH-PX), levels of MDA, in plasma after thawing at 4
• C overnight were analyzed using colorimetric kits (Nanjing Jiancheng, Bioengineering Institute), according to the method of Wang et al. (2015) . Each sample was analyzed in triplicate.
Fatty Acid Composition Assay
Gas chromatography was used to assay the fatty acid composition of breast muscle according to the method of Ma et al. (2015) . The samples were cut up and placed in a lyophilizer (LJG-12, Beijing Songyuanhuaxing Technology Develop Co., Ltd, Beijing, China). Then, the freeze-dry samples were smashed to pass through a 40-mesh sieve using a pulveriser (FW-100, Tianjin Taisite Instrument Co., Ltd, Tianjin, China). About 0.5 g of the muscle samples was weighed and transferred into a 20 mL screw-cap test tube. Then, 4 mL of acetylchloride-methanol solution (1:10), hexane (1 mL), and C11:0 internal standard solution (1 mL, 1 mg/mL) were added to the tube. The mixture was placed in 80
• C water for 4 h. After the tube reached room temperature, 5 mL potassium carbonate (7%) was added. The mixture was mixed and centrifuged at 180 × g for 5 min. The solution was filtered through a 0.20-μm filter membrane before being analyzed by gas chromatography (Techcomp Ltd., Shanghai, China), equipped with Agilent 6890 Series Systems (Agilent Technologies, PA) and FID detector. The column was DB-23 (60 μm × 250 μm × 0.25 μm), and the temperature was raised to 260
• C. One microliter of sample was injected by an autosampler. The carrier gas was helium at a flow rate of 1.5 mL/min. The calibration and the peak determinations were based on authentic standard fatty acids from Sigma-Aldrich (St. Louis, MO).
Atherogenic index (AI) and thrombogenic index (TI) were calculated according to the previous report (Nantapo et al., 2015) . 
Statistical Analysis
All analyses were performed using SAS Version 9.2 (SAS Institute, 2001). The replicate (each replicate in 2 cages) was taken as an experimental unit for analysis of performance data. For carcass and plasma parameters measurements, the mean of 2 birds served as an experimental unit for statistical analysis, and individual bird was an experimental unit for other parameters. The linear and quadratic effects of dietary MOL supplementation dose were assessed using regression analysis. Data were expressed as mean and pooled SEM.
The regression model was as follows:
Yij was the response variable; α was the intercept (indicators with the basal diet); β 1 and β 2 were regression coefficient; Xi was the studied factor effect as the inclusion of MOL (i = 0, 1, 2, 5, 10, and 15%), and eij was the observational error for (ij)th observation.
RESULTS
Growth Performance and Carcass Characteristics
The effects of dietary MOL supplementation on broiler performance were shown in Table 3 . Supplementation with MOL in diets linearly and quadratically decreased BW, ADG, and increased FCR (P < 0.01), during starter phase (d 1 to 21), grower phase (d 22 to 42), and the whole phase (d 1 to 42). Average daily feed intake and mortality rate were not linearly and quadratically affected by dietary MOL inclusion (P > 0.05). Table 4 shows the effect of dietary MOL addition on carcass quality of broilers. Dietary MOL supplementation linearly and quadratically decreased abdominal fat (both on d 21 and 42, P < 0.001). Besides, there was both a linear and quadratic response in eviscerated yield (P = 0.008, P = 0.019, respectively) to MOL supplementation levels in the diets. No linear and quadratic effects were observed in breast muscle yield and leg muscle yield (P > 0.05), in response to dietary MOL addition levels.
Fatty Acid Composition and Oxidative Stability of Breast Meat
In breast meat, dietary MOL supplementation quadratically increased the concentration of C18:2, C18:3n-3, C20:4, PUFA, n-3 PUFA, n-6 PUFA (P < 0.01), and decreased TI (P = 0.019; Table 5 ). No linear and quadratic changes were observed in other fatty acids' profile and AI, in response to MOL supplementation in diets (P > 0.05).
During storing at 4 • C, the contents of MDA in breast meat were measured at 2, 4, and 6 d, respectively (Table 6 ). The MDA contents in breast meat during storage decreased quadratically in response to MOL supplementation in diets, at all-time points (P < 0.001).
Meat Quality and Plasma Redox Status
As shown in 2 Eviscerated yields were calculated as the percentage of the body weight after fasting; breast muscle and leg muscle yields were calculated as percentages of eviscerated weight; abdominal fat = abdominal fat weight/(eviscerated weight + abdominal fat weight) ×100%.
3 Linear and quadratic effects of dietary MOL supplementation were evaluated using regression analysis.
24 h PM; P = 0.015, P = 0.018, respectively), and increased a * values (24 h PM) linearly and quadratically (P < 0.01). Besides, cooking loss linearly and quadratically increased (P = 0.006, P = 0.0015, respectively) in response to dietary MOL supplementation. Drip loss, shear value, pH, and L * value were not linearly and quadratically affected by dietary MOL supplementation (P > 0.05).
Effect of dietary MOL addition on plasma redox status is listed in Table 8 . Plasma T-AOC, GSH-PX activities increased quadratically (P < 0.01), whereas MDA decreased quadratically (P < 0.001), both on d 21 and 42, in response to MOL supplementation in the diets. Dietary MOL supplementation quadratically increased T-SOD activities on d 42 (P < 0.001).
DISCUSSION
The potential benefits of dietary MOL inclusion on animal production have been previously reported, such as improving productive performance in broilers and laying hens (Melesse et al., 2013) , pigs and cows (Sánchez et al., 2006; Mukumbo et al., 2014) , improving carcass quality and meat quality in broilers (Melesse et al., 2013; Nkukwana et al., 2014a) , and improving egg yolk color (Lu et al., 2016) . These positive effects of MOL were mostly observed at supplemental level not more than 5% of intake. Onu and Aniebo (2011) reported that dietary supplementation MOL at 2.5% of intake significantly increased ADG and decreased FCR of broilers. But decreased ADG and increased FCR were observed when dietary MOL supplementation was more than 5% in broilers (Gadzirayi and Mupangwa, 2014) . Similarly, our results showed there was a quadratic depression on BW, ADG, and that FCR, in response to dietary MOL supplementation. The growth depression might be mainly attributed to low digestibility of MOL Becker, 1996, 1997) , since no significant effect of MOL supplementation on feed intake was observed. In addition, our current study suggested that MOL supplementation in broiler's diets (1 to 6 wk) not more than 2% would not have negative effects on performance. The effects of dietary MOL supplemental levels were further evaluated by quadratic regression analysis, and a reliable equation was obtained for FCR (whole phase): y = 0.00154x 2 -0.00482x + 1.86382 (P < 0.05, R 2 = 0.6669). The optimal inclusion of MOL in diets was calculated as 1.56%.
In addition, BW decreased linearly and quadratically in response to the increase of dietary MOL supplementation, with consistent decrease observed in abdominal fat. No significant response was observed in other carcass quality items. The decreased abdominal fat indicated a variation in lipid metabolism induced by dietary MOL supplementation, which might be responsible for the depression in growth (Shi et al., 2001) . It was also observed in several researches before that MOL supplementation reduced lipid synthesis (Sangkitikomol et al., 2014) . Our results showed that supplementation of MOL quadratically increased the content of C18:2, C18:3n-3, C20:4, and PUFA in breast muscle, and the increase in PUFA could be attributed to simultaneous enhancement both in n-3 and n-6 PUFA. Polyunsaturated fatty acids could activate the process of fatty acid β-oxidation and thus result in a lower abdominal fat deposition Esteve-Garcia, 2001, 2002; Newman et al., 2002) . Similarly, Nkukwana et al. (2014a) suggested that dietary supplementation of MOL could increase the content of PUFA in muscle of boilers. Polyunsaturated fatty acids could deposit in muscle through dietary supplementation (Woods, 2009) , and thus a high content of PUFA in MOL (Table 2) might be responsible for the increase of PUFA contents of breast muscle observed in MOL groups. Due to the benefits of PUFA on immune and cardiovascular system (Grashorn, 2007; Fetterman and Zdanowicz, 2009) , high concentration of PUFA has become a desirable nutritional characteristic in meat products for human beings. The current study showed that dietary supplementation of MOL could quadratically increase PUFA contents and decrease TI. These results suggested that MOL might be a potential feed ingredient to produce PUFA-enriched poultry meat. On the other hand, the increased PUFA contents always associated with oxidation (Bou et al., 2004) . Interestingly, dietary MOL supplementation quadratically increased PUFA but decreased MDA contents in breast muscle during storage, which indicated that the meat from broilers feeding MOL supplemented diets improved oxidative stability. Our results are consistent with some previous studies, which showed that supplementing MOL in diets of broilers and goats increased the meat oxidative stability during storage (Qwele et al., 2013; Nkukwana et al., 2014a) . In addition, dietary MOL supplementation improved the meat color during storage period indicated by quadratically increased a * (redness) value and decreased b * (yellowness) value. The enhancement of oxidative stability was supposed to be the main reason for meat color improvement. Myoglobin, one of the most important proteins responsible for meat color, is oxidized during the storage, which will cause the change of meat color from purplish red or purplish pink to cherry red and then discoloration (Mancini and Hunt, 2005) .
The enhanced oxidative stability of breast muscle observed in MOL included groups might have resulted from the potential antioxidant properties of MOL. The results showed that dietary MOL supplementation quadratically increased T-AOC, the activity of T-SOD and GSH-PX, and decreased MDA contents in plasma, in agreement with our previous observation in laying hens (Lu et al., 2016) . As shown in Table 2 , MOL is rich in various metals, such as Se, Mn, Cu, and Zn, which play a vital role in action of antioxidant enzymes. Besides, MOL also had a high concentration of natural antioxidant substances, including α-tocopherol, ascorbic acid, carotenoids, polysaccharide, flavonoids, saponins, phenolics, tannins, and proanthocyanidins Becker, 1996, 1997; Abuye et al., 2003; Moyo et al., 2012) .
In conclusion, dietary MOL inclusion could improve PUFA contents, oxidative stability, and color of muscle, and decrease abdominal fat. Quadratic responses were observed on growth performance, meat quality, and oxidative stability of meat during storage. These results suggested that MOL could be used as a feed ingredient for broilers to improve meat quality without adverse effects on growth performance, with an inclusion of 1.56% in the diets.
